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Virus-responsive signaling pathways that induce alpha/beta interferon production and engage intracellular
immune defenses influence the outcome of many viral infections. The processes that trigger these defenses and
their effect upon host permissiveness for specific viral pathogens are not well understood. We show that
structured hepatitis C virus (HCV) genomic RNA activates interferon regulatory factor 3 (IRF3), thereby
inducing interferon in cultured cells. This response is absent in cells selected for permissiveness for HCV RNA
replication. Studies including genetic complementation revealed that permissiveness is due to mutational
inactivation of RIG-I, an interferon-inducible cellular DExD/H box RNA helicase. Its helicase domain binds
HCV RNA and transduces the activation signal for IRF3 by its caspase recruiting domain homolog. RIG-I is
thus a pathogen receptor that regulates cellular permissiveness to HCV replication and, as an interferon-
responsive gene, may play a key role in interferon-based therapies for the treatment of HCV infection.

Hepatitis C virus (HCV) is a major public health problem,
infecting nearly 200 million people worldwide and causing he-
patic fibrosis, end-stage cirrhosis, and hepatocellular carci-
noma (16). A member of the Flaviviridae, HCV’s positive-
sense RNA genome contains highly structured 5� and 3�
nontranslated regions (NTRs) flanking a large open reading
frame (ORF) encoding a polyprotein that is processed into
both structural (core-E2) and nonstructural (NS) proteins (Fig.
1A). The NS3-NS5B proteins support viral genome replication,
which is also dependent upon conserved RNA sequences
within the 5�NTR and 3�NTR that are highly structured and
required for both protein translation and RNA replication (15,
20). HCV infection is treated with alpha interferon (IFN-�)-
based therapy, but treatment is effective at best in only 50% of
patients (10). The nearly unique ability of HCV to establish
persistent infections in humans has been attributed, in part, to
a variety of strategies to evade host immune and IFN-induced
defenses (12). Epidemiological studies suggest that 25 to 50%
of all persons resolve acute HCV infection without treatment
(16), however, indicating that innate and/or adaptive immune
responses are indeed capable of controlling the outcome of
HCV infection. Processes that regulate innate intracellular
antiviral responses may therefore serve as pivotal points of
control, potentially limiting host permissiveness for HCV rep-
lication and favorably modulating subsequent adaptive im-
mune responses.

Virus-induced production of IFN-� and IFN-� and the sub-
sequent expression of IFN-stimulated genes (ISGs) are central
to these antiviral defenses (22). This host response is initiated
by cellular recognition of a pathogen-associated molecular pat-
tern (PAMP) presented by the infection, in which a host pro-
tein receptor is engaged by the PAMP ligand and signals down-
stream components to activate intracellular immune defenses.
In mammalian cells, replicating viral RNAs present features of
nucleic acid sequence or structure that are recognized as dis-
tinct PAMPs by membrane-spanning Toll-like receptors
(TLRs) or intracellular proteins coupled to signaling pathways
that induce interferon production. Double-stranded RNA
(dsRNA) and GU-rich single-stranded RNA (ssRNA) are rec-
ognized by TLR3 and TLR7/8, respectively (18). However,
viral dsRNA can also initiate cellular responses through an
intracellular, TLR3-independent mechanism (5, 32), thereby
activating a set of latent transcription factors, including IFN-
regulatory factor 3 (IRF3) and NF-�B that coordinately as-
semble onto the IFN-� promoter and induce IFN expression,
ISG production and an intracellular antiviral state. Among
these, IRF3 is essential for IFN production (21). Its activation
occurs through redundant actions of TBK1 or IKKε protein
kinases, which catalyze its carboxyl-terminal phosphorylation
and result in nuclear translocation, DNA binding, and tran-
scription-effector actions (6, 23). The IRF3-mediated induc-
tion of IFNs and ISGs, initiated by the recognition of an
HCV-specific PAMP, is likely to impose intracellular restric-
tions to viral replication that limit host cell permissiveness (7,
25). To define how this host response influences HCV infec-
tion, we investigated the relationship between innate antiviral
responses and cellular permissiveness for HCV RNA replica-
tion in a cell culture model.
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FIG. 1. The host response and cellular permissiveness to HCV RNA replication. (A) Diagram of the HCV genome (upper) and related replicon
(lower). The polyprotein coding region and positions of individual protein products are shown. Arrows indicate positions of the RNA motifs
described in the present study, including the IRES within the 5�NTR. (B) Huh7 cells were mock transfected or transfected with the indicated HCV
replicon RNA and harvested 3, 8, 12, or 24 h later. ISG, replicon (HCV), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) transcript
abundance was monitored by Northern blot analysis. (C) Huh7 cells were transfected with an IFN-� promoter-luc construct and 24 h later were
mock treated (mock), infected with SenV, or transfected with the indicated RNA. Cells were harvested 20 h after virus infection or 8 h after RNA
transfection and then assayed for firefly luciferase activity. Bars show the average values and standard deviation (SD) of firefly luciferase activity
relative to a Renilla luciferase control from three experiments (relative luc activity). (D) In the left panel is shown RNA abundance in Huh7 cells
that were mock transfected (mock) or transfected with luc-poly(A), HCV 5�NTR-luc, or encephalomyocarditis virus IRES-luc RNA were assessed
by Northern blot with probes specific to the indicated ISGs or GAPDH. Cells were harvested at the time shown in hours above each lane, and
transfected RNA was detected with a luciferase-specific probe (Luc). For the right panel, cells were mock transfected or transfected with purified
L2198S HCV replicon RNA, luc-poly(A), or HCV 5�NTR-luc transcript and then harvested 12 h later. mRNA levels were quantified by real-time
PCR. Bars show the average level � the SD of IFN-� mRNA relative to GAPDH control from three experiments. (E) HCV RNA replication and
cellular G418 resistance transduction efficiency were evaluated after transfection of �5B or HP replicon RNAs into Huh7 or Huh7.5 cells. On the
left is shown the average fold increase � the SD of HP replicon RNA relative to �5B replicon RNA at the indicated times. The replicon abundance
was estimated from the luciferase activity expressed by a firefly luciferase sequence that was inserted in lieu of the Neo sequence in the replicon
shown in Fig. 1A. This provides an accurate assessment of HCV RNA abundance (28). On the right, G418-resistant colony-forming efficiency of
the indicated HCV replicon RNAs was determined by cell staining 3 weeks after transfection of Huh7 (panels 1 to 3) or Huh7.5 cells (panels 4
to 6) followed by G418 selection. The numbers at the bottom show the fold increase in numbers of Huh7.5 cell colonies compared to Huh7 colonies.
The results shown are representative of three independent experiments.
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MATERIALS AND METHODS

Cell culture and viruses. Huh7.5 cells were a gift from C. Rice. Huh7 and
Huh7.5 cells (3) were propagated in Dulbecco modified Eagle medium supple-
mented with 10% fetal bovine serum, 200 �M L-glutamine, and Sigma antibiotic-
antimycotic solution. For treatment of cells, medium was removed and replaced
with medium containing the indicated concentration of IFN-�2a (PBL Labora-
tories), anisomycin (Sigma) or interleukin-1 (R&D Systems). Sendai virus
(SenV; Cantell strain) was obtained from Charles River Laboratory. Vesicular
stomatitis virus (VSV) was a gift from M. Whitt. Virus infection of Huh7 or
Huh7.5 cells was conducted as previously described (7, 9). For SenV infection,
cells were exposed to 100 hemagglutinin units of SenV/ml of culture medium.
For VSV infection, cells were exposed to a multiplicity of infection of 5.

DNA methods. pHCV 1bpt luc, pHCV HP luc, and pHCV �5B luc encode
variants of the Con1 HCV 1b subgenomic RNA sequence (15) possessing the
firefly luciferase gene under the control of the HCV 5�NTR/internal ribosome
entry site (IRES) and were constructed by ligating a DNA fragment encoding
firefly luciferase into the AscI/PmeI sites of the respective pHCV 1bpt, pHCV
HP, or pHCV �5B constructs (7, 25). Plasmids pHCV 1b K2040 and pHCV 1b
L2198S, respectively, encoding the Con1-derived K2040 and L2198S subgenomic
HCV RNA replicons were previously described (25, 31). cDNA was prepared
from mRNA isolated from Huh7 or Huh7.5 cells. Full-length cDNA products
encoding IKKε, TBKI, RIP2, TRIF, or RIG-I were amplified from each by PCR
with the specific primer sets shown in Table S1 in the supplemental material.
Endotoxin-free plasmid DNA was prepared by using the endo-free Midiprep kit
(Sigma). pCMV-IRF-3 5D was a gift from J. Hiscott. pIRF-3-EGFP was a gift
from A. Garcia-Sastre. pEF Bos (encoding an amino-terminal FLAG epitope
tag; vector control), pEF Bos-TBK1, and pEF Bos-IKKε were gifts from T.
Maniatis. pEF Bos-TRIF was a gift from K. Fitzgerald. The wild-type RIG-I
cDNA was cloned into the XbaI/ClaI restriction sites of pEF Bos to generate
pEF Bos-RIG-I. pEF Bos-N-RIG and pEF Bos-C-RIG encode amino acids (aa)
1 to 284 and aa 218 to 925 of RIG-I (32). Full-length RIP2 was cloned into the
HindIII/EcoRI restriction sites of pFLAG CMV-2 (Sigma) to yield pFlag RIP2.
pEF Bos-RIG-I T55I and pEF Bos N-T55I were created from pEF-Bos-RIG-I
and pEF Bos N-RIG, respectively, by a site-directed mutagenesis strategy using
the QuikChange kit from Stratagene and the mutagenic primers T55Is (5�-GC
CCAATGGAGGCTGCCATACTTTTTCTCAAGTTCC-3�) and T55Ia (5�-GG
AACTTGAGAAAAAGTATGGCAGCCTCCATTGGGC-3�). pF3-EGFP was
constructed by by ligating a HindIII/XbaI fragment from pEGFP (Clontech) into
pF3-Luc (a gift from J. Hiscott). pDsRed was purchased from Clontech. pSP6 luc
poly(A) was constructed by ligating a HindIII/XbaI fragment derived from
pGL3-Basic (Promega) and encoding the firefly luciferase gene into pSP6
poly(A) (Promega). pCDNA3.1 luc poly(A) was then constructed by ligating a
HindIII/EcoRI fragment from pSP6 luc poly(A) into pCDNA3.1 DNA transfec-
tions were performed by using Lipofectamine 2000 transfection reagent (Invitro-
gen).

Promoter-reporter luciferase assays were conducted as described previously
(7) from 2 	 104 cells transfected with 50 ng of pIFN-�-luc, pISG56-luc or
pISRE-luc encoding firefly luciferase and 12.5 ng of pCMV-luc encoding the
Renilla luciferase gene (8). Luciferase activity was quantified by using a Bio-Rad
luminometer.

RNA methods. HCV replicon RNA was transcribed and purified from the
respective linearized plasmids exactly as described previously (7). RNA was synthe-
sized from plasmids by using the T7 Megascript kit (Ambion) and the manufactur-
er’s protocol. Luciferase poly(A) RNA was transcribed from pCDNA3.1 luc
poly(A). HCV 5�NTR-luc RNA was transcribed from pHCV 1bpt luc. Encephalo-
myocarditis virus IRES-luc RNA was transcribed from pIRES luc, which was con-
structed by ligating firefly luciferase into pIRES (Clontech) digested with SmaI.
HCV ss1 RNA was transcribed from pCDNA3.1 HCV 1bpt NS3/4A (7) linearized
with SgrAI. HCV ss2 RNA was transcribed from pCDNA3.1 HCV 1bpt NS5A (25).
HCV 5�NTR and 3�NTR were transcribed directly from the PCR products T7 HCV
5�NTR and T7 HCV 3�NTR, respectively, which were amplified from pHCV 1bpt by
using the primer set (encoding the T7 promoter) T7 HCV 5�NTRs (5�-GTAATA
CGACTCACTATAGGGCCAGCCCCCTGATGGGGGCGACA-3�) and pHCV
1bpt 520a (5�-TGCGTGCAATCCATCTTGTTC-3�) and the primer set T7 HCV
3�NTRs (5�-TAATACGACTCACTATAGGGAGATGAAGGTTGGGGTAAAC
ACTC-3�) and HCV 3�NTRa (5�-ACATGATCTGCAGAGAGGCCA-3�), respec-
tively. Amplified DNA was purified by agarose gel electrophoresis and extracted
from the gel by using a QIAquick kit according to the manufacturer’s protocol
(Qiagen). RNA was purified by gel extraction, resuspended in water, and transfected
by using the Transmessenger RNA transfection reagent (Qiagen) according to the
manufacturer’s protocol.

Northern blot analysis of RNA levels was performed exactly as described

previously (7) with the indicated cDNA probes. Real-time PCR analyses were
performed as described previously (25) with the oligonucleotide primer pairs
listed in Table S2 in the supplemental material.

For small interfering RNA (siRNA) studies, Huh7 cells were transfected with
5 to 20 pmol of control siRNA (Ambion Silencer negative control #1) or the
RIG-I si265 oligonucleotides si265s [5�-GAGGUGCAGUAUAUUCAG
G(dTdT)-3�]) and si265a [5�-CCUGAAUAUACUGCACCUC(dTdT)-3�] by us-
ing Lipofectamine 2000 (Invitrogen) according to the manufacturer’s protocol.

Assessment of replicon RNA transduction efficiency and initial HCV RNA
replication. Transduction efficiency for HCV subgenomic RNA replicons in
Huh7 and Huh7.5 cell lines was determined exactly as described previously (3).
For determination of initial HCV RNA replication efficiency, 4 	 104 Huh7 or
Huh7.5 cells were plated per well of a 24-well plate. After 24 h the cells were
transfected with HCV replicon RNA transcribed from pHCV1b �NS5B luc or
pHCV 1b HP luc. Then, 3 h later the cells were harvested for luciferase assay to
determine relative transfection efficiencies or the cells were replated and cul-
tured in six-well dishes to facilitate the evaluation of HCV RNA replication
defined by luciferase activity. With this system the level of HCV RNA replication
directly parallels luciferase activity values (28). The data were expressed as the
increase in luciferase activity from cells transfected with HP luc RNA compared
to cells transfected with the �NS5B luc RNA control and normalized for trans-
fection efficiency derived from the initial 3-h time point.

Nucleotide sequence analysis. Plasmids were verified by nucleotide sequence
analysis (ABI Prism). For mRNA analysis cDNA was first produced from total
cellular RNA isolated from Huh7 or Huh7.5 cells by using Omniscript (Qiagen)
reverse transcriptase and an oligonucleotide dT primer (Ambion). A total of
10% of the reverse transcriptase reaction was used for PCR (ExTaq; Takara).
Amplicons were sequenced directly, and complete mRNA sequences were as-
sembled by using Vector NTI software (Informax).

Protein analysis. Protein kinase assays and IRF3 dimerization analysis were
performed exactly as described previously (11, 33). For evaluation of protein
expression, cell extracts were prepared, and immunoblot analysis was conducted
(7). Antibodies used for immunoblot analysis included anti-PKR monoclonal
antibody 71/10 (A. Hovanessian), rabbit polyclonal anti-IRF3 (M. David), rabbit
polyclonal anti-ISG56 (G. Sen), rabbit polyclonal anti-RIG-I (32), rabbit poly-
clonal anti-VSV (M. Whitt), rabbit polyclonal anti-SenV (I. Julkunen), mono-
clonal anti-TBK1 (Imgenex), monoclonal anti-IKKε (Imgenex), rabbit polyclonal
anti-phospho-Ser51-eIF2� (Cell Signaling Technologies), monoclonal anti-
eIF2� (Research Genetics), rabbit polyclonal anti-phospho-Thr180/Tyr182-P38
(Cell Signaling Technologies), rabbit polyclonal anti-P38 (Cell Signaling Tech-
nologies), monoclonal anti-Flag M2 (Sigma), and goat polyclonal anti-actin
(Santa Cruz). Proteins were detected with a secondary antibody coupled to
horseradish peroxidase and were visualized by chemiluminescence.

For immunofluorescence analysis of intracellular protein localization, 2 	 104

cells were cultured and treated on chamber slides then fixed and probed with
polyclonal rabbit anti-IRF3 serum or monoclonal anti-Flag serum and fluores-
cein isothiocyanate-conjugated or rhodamine donkey anti-rabbit secondary an-
tibodies exactly as described previously (7). After antibody staining, the nuclei
were stained with DAPI (4�,6�-diamidino-2-phenylindole). Cells were visualized
by fluorescence microscopy by using a Zeiss Axiovert digital imaging microscope
in the UT Southwestern Pathogen Imaging Facility.

RNA-binding analysis of RIG-I. For RNA-binding analysis, we used agarose
beads (Sigma) conjugated to poly(C) or poly(I). The beads were washed several
times in 50 mM Tris (pH 7.0)–200 mM NaCl and then resuspended in 50 mM
Tris (pH 7.0)–50 mM NaCl. To make poly(I-C)-coated agarose beads, poly(I)-
coated beads were resuspended in 2 volumes of 2 mg of poly(I) (Sigma)/ml
prepared in 50 mM Tris (pH 7.0)–150 mM NaCl. The mixture was then rocked
gently overnight at 4°C, collected by centrifugation at 1,000 	 g, washed with 50
mM Tris (pH 7.0)–150 mM NaCl, resuspended in the same buffer as a 50% final
slurry, and stored at 4°C for use. For poly(C) and poly(I-C) pull-down assays,
poly(C)- or poly(I-C)-coated beads were equilibrated in binding buffer (50 mM
Tris [pH 7.5], 150 mM NaCl, 1 mM EDTA, 1% NP-40) as a 10% slurry and then
combined with an equal volume of whole-cell extract that was prediluted to
contain 3 �g of protein. The cell extracts were supplemented with protease and
phosphatase inhibitors and 25 U of RNase inhibitor/ml. The mixture was incu-
bated with gentle agitation for 1 h at 4°C. For competition experiments, pull-
down reactions were supplemented with 10 to 50 �g of the indicated competitor
RNA/ml. Beads were centrifuged at 1,000 	 g, rinsed three times with binding
buffer, and then resuspended in 3 volumes of 1	 sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis sample buffer. Samples were incubated at 100°C
for 5 min, centrifuged at 13,000 	 g for 30 s, and loaded immediately onto
sodium dodecyl sulfate-polyacrylamide gel electrophoresis gels and processed for
immunoblot analysis.
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RESULTS

Structured HCV RNA presents a PAMP that induces anti-
viral responses. Since HCV replication in cultured cells is
insufficient for support of molecular virologic studies (20), we
constructed a series of subgenomic HCV RNA replicons that
encode different adaptive mutations and replicate autono-
mously, albeit with different efficiencies, when introduced into
cultured human hepatoma (Huh7) cells (L2198S, HP, and
K2040; Fig. 1A). We also studied a replication-defective HCV
RNA (�5B) with a deletion in the RNA-dependent RNA
polymerase. Regardless of its replication properties, each
HCV replicon RNA induced expression of ISGs, including
ISG6-16, ISG56, and ISG15 within 12 h of transfection into
Huh7 cells (Fig. 1B). To determine whether structured regions
of the HCV genome specifically present a dsRNA-like PAMP
capable of stimulating this host response, we transfected cells
with purified, in vitro-transcribed RNA representing the
5�NTR or 3�NTR of HCV. Cells were similarly transfected
with RNAs corresponding to nucleotides 3423 to 3772 or nu-
cleotides 6261 to 6702 of HCV, which, unlike the NTRs, do not
contain well-documented RNA structures (termed ss1 and ss2,
respectively; Fig. 1A) (27). Transfection of cells with the
5�NTR or 3�NTR RNAs induced IFN-� promoter activity,
whereas only minimal increases were seen with the nonstruc-
tured ss1 or ss2 HCV (Fig. 1C). To confirm these results, we
transfected Huh7 cells with RNA transcripts encoding firefly
luciferase (luc), either with or without an upstream structured
viral RNA segment. Northern blotting revealed that luciferase
RNA appended with a poly(A) tail and lacking a structured
upstream segment [luc-poly(A)] was a poor inducer of ISG
expression (Fig. 1D, left panel). In contrast, inclusion of the
HCV 5�NTR or the structured IRES of encephalomyocarditis
virus resulted in ISG expression within 8 h of transfection.
Luciferase activity assays confirmed efficient transfection of
each RNA (data not shown), indicating that the luc sequence
or its gene product were not responsible for ISG induction.
The level of induction of IFN-� promoter activity by the
5�NTR-luc RNA was comparable to that induced by the entire
subgenomic L2198S HCV replicon RNA 8 h after transfection
(Fig. 1D, right panel). We conclude that structured regions of
the HCV RNA, including the 5�NTR and 3�NTR present a
specific PAMP capable of triggering a host response charac-
terized by IFN-� and ISG expression.

Lesion(s) in the host response to the HCV RNA PAMP
enhance cellular permissiveness to viral RNA replication.
Most HCV replicon RNAs containing wild-type sequence rep-
licate poorly or not at all in Huh7 cells, and efficient replication
requires specific cell culture-adaptive mutations (1). However,
a subline of Huh7 cells, termed Huh7.5, exhibit a marked
increase in permissiveness for HCV RNA replication (3). We
compared the capacity of Huh7 and Huh7.5 cells to support
replication after transfection of an HCV replicon RNA direct-
ing expression of luciferase. Replication of this RNA, as re-
flected in increases in luciferase activity relative to that pro-
duced by a replication-defective control RNA, was significantly
greater in the Huh7.5 cells. Similarly, we observed a 74- to
128-fold increased efficiency in selection of G418-resistant cell
colonies in the Huh7.5 cells after transfection of replicon
RNAs expressing the selectable neo marker (Fig. 1E).

We examined dsRNA signaling pathways and the host re-
sponse to virus infection and IFN treatment in these cell lines.
Both demonstrated equivalent activation of protein kinase R
(PKR) and p38 mitogen-activated protein after infection with
VSV (Fig. S1 in the supplemental material). Thus, these
dsRNA signaling pathways are intact in both cell lines. Simi-
larly, IFN treatment induced robust expression of ISG56, a
well-defined ISG and IRF3 target gene (19), in both Huh7 and
Huh7.5 cells. However, unlike Huh7 cells, the Huh7.5 cells
failed to induce ISG56 expression in response to SenV infec-
tion or transfection of the HCV 5�NTR-luc RNA (Fig. 2A).
Moreover, infection with VSV or Sendai virus (SenV) failed to
induce IFN-� promoter activity in the Huh7.5 cells but did so
in Huh7 cells (Fig. 2B), despite the fact that the viruses repli-
cated equally well in both cell lines (Fig. 2A and Fig. S1C in the
supplemental material). Strikingly, transfection of the Huh7
cells with HCV RNA triggered ISG expression within 8 to 12 h,
whereas this response was not observed in Huh7.5 cells despite
equivalent transfection efficiency (Fig. 2C). Similar results
were observed when cells were transfected with the synthetic
dsRNA, poly(I-C) (data not shown). Thus, signaling pathways
that confer responsiveness to virus infection or HCV RNA and
that are intact in Huh7 cells are defective in Huh7.5 cells.

The lack of IFN-� promoter activity and ISG56 expression
in Huh7.5 cells could reflect a lesion in the IRF3 activation
pathway. We therefore compared the subcellular distribution
of endogenous IRF3 in these cells in response to virus infec-
tion or HCV RNA transfection. In resting Huh7 cells, IRF3 is
distributed in a perinuclear and/or cytoplasmic context; it re-
distributes to the nucleus, a finding consistent with its activated
state, after infection with SenV (Fig. 2D) (7). A similar redis-
tribution of IRF3 occurs in Huh7 cells upon transfection with
HCV 5�NTR-luc RNA, but not the luc-poly(A) control RNA,
demonstrating that HCV RNA triggers IRF3 activation. In
contrast, in Huh7.5 cells, there was no activation of IRF3 by
SenV or HCV RNA, since IRF3 was retained in the cytoplasm
under all conditions (Fig. 2D). In addition, transfection of the
5�NTR-luc RNA triggered accumulation of high-mass hyper-
phosphorylated, active isoforms of IRF3 within 4 h after trans-
fection into Huh7 cells but not into Huh7.5 cells (Fig. 2E, left
panel set). A similar difference was observed after SenV infec-
tion (data now shown). Consistent with this, SenV infection
induced the formation of active, phosphorylation-dependent
IRF3 dimers only in Huh7 cells (Fig. 2E, right panel). Thus,
the Huh7.5 cells possess a lesion in essential transducer(s) of
IRF3 phosphorylation that normally trigger its activation in
response to virus infection or the HCV RNA PAMP.

Characterization of the Huh7.5 defect in IRF3 activation.
Further studies indicated that the lack of response in the
Huh7.5 cells was most likely due to defects in signaling to IRF3
and not in IRF3 itself, since an ectopically expressed green
fluorescent protein (GFP)-IRF3 protein accumulated in the
nucleus of Huh7 cells, but not Huh7.5 cells, in response to
SenV infection (Fig. S2A in the supplemental material). In
addition, the lack of IRF3 nuclear accumulation in Huh7.5
cells was not due to disruption of nuclear transport, because
the active, phosphomimetic IRF3 5D mutant was constitutively
localized to the nucleus upon expression in Huh7 or Huh7.5
cells (Fig. S2B in the supplemental material). Ectopic expres-
sion of the TLR3 adaptor protein, TRIF (30), induced IFN-�
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FIG. 2. Cells highly permissive to HCV RNA replication have a defective host response. (A) Huh7 and Huh7.5 cells were mock treated (mock),
infected with SenV for 20 h (SenV), treated with 10 or 50 U of IFN-�2a/ml for 12 h, or transfected with luc-poly(A) or 5�NTR-luc RNA (HCV)
for 8 h. Extracts were subjected to immunoblot analysis for ISG56, SenV, and �-actin abundance. (B) The activity of a transfected IFN-� promoter
expression constructs was measured in cells that were mock infected or infected with SenV for 24 h or VSV for 10 h. The results shown are the
average firefly luciferase activity � the SD relative to a Renilla luciferase control. (C) Huh7 and Huh7.5 cells were mock transfected or transfected
with 5�NTR-luc, L2198S, or HP HCV replicon RNA. Total cellular RNA was collected at 3, 8, or 12 h, and the level of replicon (HCV), 2�-5�
oligoadenylate synthetase 1 (OAS1), ISG6-16, ISG56, ISG15, and GAPDH RNA as determined by using specific probes. 5�NTR-luc RNA was
monitored by using the Luc probe. (D) Huh7 and Huh7.5 cells were mock treated (mock), infected with SenV for 24 h, or transfected with
luc-poly(A) (poly A) or HCV 5�NTR-luc RNA (HCV 5�NTR) for 8 h. Cells were processed and stained with anti-IRF3 rabbit serum and a
rhodamine-conjugated secondary antibody (panels 1 to 8). Nuclei were visualized by staining with DAPI (panels 9 to 16). Magnification, 	40. The
transfection efficiency was monitored by a parallel assessment of luciferase activity; the unit activity values are shown below the corresponding
panels. (E) In the left panel, IRF3, ISG56, and actin abundance were evaluated by immunoblot analysis of extracts from untreated Huh7 and
Huh7.5 cells or cells treated with 10 U of IFN�-2a/ml for 12 h (IFN) or transfected with HCV 5�NTR-luc RNA for 0, 4, or 8 h. The line at left
denotes the position of the high-mass hyperphosphorylated IRF3 isoforms. On the right, proteins were separated on a nondenaturing gel in order
to define the abundance of the inactive IRF3 monomer and the active IRF3 dimer complex (indicated at right) in cells that were mock infected
or infected with SenV for 20 h.
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promoter activation in both cell types, demonstrating that un-
der these conditions the endogenous IRF3 kinases were intact
and were themselves competent to signal IRF3-dependent pro-
moter activation (Fig. S2C in the supplemental material). Con-
sistent with this, there was an equivalent abundance of endog-
enous TBK1 and IKKε protein (Fig. S2D in the supplemental
material) and TRIF mRNA (data not shown) in Huh7 and
Huh7.5 cells, and these proteins were found to signal to IRF3
in a genetic complementation assay (described below). We
found no mutations in the sequences of TBK1, IKKε, and
TRIF cDNAs recovered from Huh7.5 cells (data not shown).
Huh7 cells express little, if any, TLR3, and they do not respond
to extracellular pIC (14), indicating that their response to in-
tracellular HCV RNA is TLR3 independent. Together, these
data suggest that the lesion in the IRF3 pathway in Huh7.5
cells is within a previously undefined intracellular signaling
pathway that triggers IRF3 activation, either independent of or
above the level of the TBK1 or IKKε kinases.

RIG-I complements the IRF3 activation defect. To identify a
defective upstream signaling component that normally acti-
vates the IRF3 pathway, we subjected Huh7.5 cells to a genetic
complementation assay searching for cDNA products capable
of restoring IRF3 responsiveness to virus infection. Among
other candidate cellular proteins selected because of prior
evidence for roles in innate immune signaling, retinoic acid
inducible gene I (i.e., RIG-I) was unique in restoring virus
responsiveness to an IRF3-dependent promoter in Huh7.5
cells (Fig. 3A). Recently identified as an intracellular pattern
recognition molecule that signals the downstream activation of
IRF3 during virus infection (32), RIG-I is 925 aa in length and
contains an amino-terminal region possessing tandem motifs
with limited homology to the caspase activation and recruit-
ment domain (CARD) (4) and a downstream DExD/H-box
helicase domain that binds to RNA (Fig. 3B). RIG-I is a
cytosolic protein that is expressed at a low basal level. We
found that RIG-I mRNA (Fig. S3 in the supplemental mate-
rial) and protein in Huh7 and Huh7.5 cells were increased in
response to IFN treatment in a fashion similar to ISG56. In
Huh7 cells the level of RIG-I and ISG56 also increased in
response to SenV infection, but infection did not signal an
increase in RIG-I expression in Huh7.5 cells, a finding consis-
tent with an IRF3 activation defect (Fig. 3C). Importantly,
ectopic expression of RIG-I led to accumulation of activated
IRF3 dimers in Huh7.5 cells, restoration of ISG56 expression
(Fig. 3D), and IRF3 nuclear translocation in response to either
SenV infection or HCV 5�NTR-luc RNA transfection (Fig. S4
in the supplemental material).

To confirm that RIG-I signals IRF3 activation, we demon-
strated that siRNA silencing of RIG-I suppressed SenV induc-
tion of IFN-� promoter activity in Huh7 cells. Suppression was
dose dependent, not observed with a control siRNA (Fig. 3E),
and associated with a block in SenV induction of ISG56 (Fig.
3F). We conclude from these results that RIG-I is essential for
triggering IRF3 activation and ISG expression in response to
virus infection or the HCV RNA PAMP in human hepatocytes
and that RIG-I complements the IRF3 signaling defect in
Huh7.5 cells, restoring responsiveness to the IRF3 pathway.

Unique domains of RIG-I bind HCV RNA and direct sig-
naling to IRF3 in hepatocytes. To determine which domains of
RIG-1 confer host cell responsiveness to the viral PAMPs, we

assessed the ability of the amino-terminal CARD homology
domain and the carboxyl-terminal helicase domain (see Fig.
3B) to signal IFN-� promoter activity in response to SenV
infection. When expressed in Huh7 cells, the CARD-homology
domain (N-RIG) constitutively activated the IRF3 pathway,
whereas expression of the carboxyl-terminal helicase domain
(C-RIG) resulted in dominant-negative inhibition of virus-in-
duced IRF3 activation (Fig. S5 in the supplemental material).
This finding is consistent with those of another recent study
(32). We verified that the helicase function of RIG-I is essen-
tial for IRF3 signaling, since RIG-I with a mutation (K270A)
that disrupts the conserved Walker-A motif and eliminates
helicase activity (32) failed to restore SenV or HCV RNA
activation of IRF3 in Huh7.5 cells (R. Sumpter and M. Gale,
Jr., unpublished observations). These results provide evidence
that the CARD-homology domain of RIG-I mediates RNA
signaling to the IRF3 pathway in human hepatocytes and in-
dicate a regulatory role for the helicase domain in this process.

RNA-binding activity maps to the helicase domain of RIG-I
(32). We demonstrated that ectopically expressed RIG-I was
recovered from cell extracts in a pIC-agarose pull-down assay
(Fig. 4A), a finding consistent with a role for dsRNA binding
in RIG-I signaling. The specificity of this assay for dsRNA
binding proteins was confirmed by the recovery of endogenous
PKR, a known dsRNA binding protein (12), but not endoge-
nous actin. RIG-I dsRNA binding activity was specifically com-
peted for by the addition of increasing concentrations of sol-
uble pIC and HCV 5�NTR or 3�NTR RNAs but not by the
unstructured ss2 RNA (Fig. 4B). Thus, RIG-I is a dsRNA
binding protein that recognizes and binds RNA PAMP(s) re-
siding within structured regions of the HCV genome.

RIG-I is defective in cells highly permissive for HCV RNA
replication. The distinct domain features of RIG-I indicate
that mutations in either domain could potentially confer de-
fects in dsRNA signaling to IRF3 during virus infection. To
determine whether this could explain the phenotype of Huh7.5
cells, we sequenced the RIG-I cDNA derived from mRNA
isolated from Huh7 and Huh7.5 cells. We found a single nu-
cleotide substitution that rendered an amino acid change at
codon 55 (T55I) in the RIG-I ORF and located within the first
CARD-homology domain of a single sequence that was repeat-
edly recovered from Huh7.5 cells (Fig. 4C). When introduced
into wild-type RIG-I, the T55I mutation caused a loss of sig-
naling to IRF3. In an IFN-� promoter assay, ectopic expres-
sion of the T55I mutant had a dominant-negative effect upon
endogenous RIG-I signaling in Huh7 cells, causing a reduction
in promoter activity triggered by SenV infection (Fig. 4D, left
panel). When introduced into a construct expressing only the
amino-terminal CARD-homology domain, the T55I mutation
resulted in a loss of constitutive activation of the IRF3-depen-
dent IFN-� promoter (Fig. 4D). However, the dominant-neg-
ative activity of T55I required its expression as the full-length
protein, because the endogenous response to SenV infection
remained intact in cells expressing N-RIG T55I. Immunoblot
analysis demonstrated that the T55I mutation disrupted RIG-
dependent SenV-induced ISG56 expression in Huh7.5 cells
(Fig. 4D, right panel set).

The T55I mutation had no effect upon the ability of RIG-I to
bind dsRNA, since the RIG-I carboxyl-terminal helicase do-
main (C-RIG; aa 218 to 925) was sufficient for dsRNA binding
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FIG. 3. RIG-I is an essential transducer of IRF3 activation. (A) Huh7.5 cells were subjected to complementation analysis with cotransfected
plasmids encoding the IRF3-dependent F3-EGFP reporter construct and the constitutively expressed dsRed protein with a vector control plasmid
or a plasmid from a panel of constructs encoding proteins implicated in antiviral signaling, including IRF3 5D (positive control), RIG-I (32), TBK1,
IKKε (6, 23), TRIF (30), and RIP2 (13). At 24 h posttransfection the cells were mock infected (
) or infected with SenV (�). On the left, cells
were transfected with RIG-I or control constructs and visualized by direct fluorescence imaging of EGFP and dsRED after mock or SenV infection.
A summary of results from this particular analysis is shown on the right; “
” and “�” indicate the absence or presence of EGFP expression.
(B) RIG-I structural features. The regions comprising the N-RIG and C-RIG constructs are shown. The RIG-I expression constructs used in the
present study contained an amino-terminal FLAG epitope tag fused in frame to the RIG-I coding region. (C) The abundance of SenV proteins,
endogenous RIG-I, ISG56, and �-actin was determined by immunoblot analysis of Huh7 and Huh7.5 cells that were mock treated, treated with
10 U of IFN-�2a/ml, or infected with SenV for 20 h. (D) On the left, IRF3 dimer and monomer abundance in nontransfected Huh7 cells or Huh7.5
cells transfected with either empty vector or a vector expressing RIG-I. Cells were mock treated, infected with SenV for 20 h, or transfected with
HCV 5�NTR-luc RNA for 4 or 8 h prior to harvest and electrophoresis of extracts through a nondenaturing gel. The positions of the IRF3
monomer and dimer complex are indicated. On the right is shown ISG56, SenV, ectopically expressed RIG-I, and �-actin abundance in extracts
from Huh7.5 cells transfected with empty vector or vector encoding RIG-I. At 24 h after transfection, cells were mock treated, infected with SenV
for 20 h, or transfected with HCV 5�NTR-luc for 0, 6, 9, or 12 h prior to harvesting for immunoblot analysis. Ectopically expressed RIG-I was
detected by using anti-FLAG M2 antibody. (E and F) Huh7 cells transfected with IFN-�-luc or ISG56-luc promoter expression constructs were
transfected with a control siRNA (control) or a specific siRNA directed to the first exon of RIG-I (RIG-I si265), after which cells were mock
infected or infected with SenV for 20 h, followed by quantification of relative luc activity. Bars show the average � the SD values from triplicate
experiments. In panel E, the left panel shows cells transfected with increasing amounts of RIG-I si265 siRNA. The right panel set shows
endogenous RIG-I, ISG56, and actin protein abundance in extracts of mock-infected (
) or SenV-infected (�) cells transfected with control or
RIG-I si265 siRNA.
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(Fig. 4E). These experiments further confirmed the specificity
of RIG-I interaction with dsRNA, since there was no binding
to single-stranded poly(C)-agarose beads. Thus, the loss of
function caused by the T55I mutation is due to disruption of
one or more signaling events directed by the CARD-homology
domain and not to alteration of the RNA binding activity of
the protein.

RIG-I regulates permissiveness to HCV RNA replication in
Huh7.5 cells. To define the role of RIG-I in cellular permis-
siveness to HCV RNA replication, we measured HCV RNA
replicon amplification over a 120-h time course in Huh7.5 cells

transfected either with an empty vector or one expressing
RIG-I in the absence of G418 selection and using the replicon-
encoded luciferase expression as a read out of HCV RNA
levels. This approach allowed a direct assessment of the influ-
ence of RIG-I upon viral RNA replication over a short time
course, without confounding effects due to the selection of cell
culture-adaptive mutations in the replicon RNA (1, 28). As
expected, transfection of HCV replicon RNA induced a host
response leading to ISG56 expression in Huh7 cells, but not in
Huh7.5 cells (Fig. 5A). The ectopic expression of RIG-I com-
plemented the defect in Huh7.5 cells, restoring ISG56 expres-

FIG. 4. Characterization of RIG-I function. (A) Extracts from Huh7 cells that were transfected with empty vector or a vector expressing RIG-I
were mixed with pIC-coupled agarose beads. The input proteins and those recovered as pull-down products (PD) were evaluated by immunoblot
analysis with anti-FLAG (to detect plasmid-encoded RIG-I), anti-PKR, or anti-�-actin antibodies. (B) Extracts from Huh7 cells transfected with
the RIG-I expression vector were mixed with pIC-coupled agarose beads, and the binding reactions were supplemented with 10 or 50 �g of soluble
pIC, HCV ss1, 5�NTR, or 3�NTR RNA/ml. Input proteins and pull-down products (PD) were evaluated by immunoblot analysis with anti-FLAG
and anti-�-actin antibodies. Competitive inhibition of pIC binding to RIG-I was quantified by densitometry and expressed as the percentage of the
initial RIG-I pull-down signal remaining in each respective lane. (C) Comparison of the nucleotide sequences of RIG-I mRNA present in Huh7
and Huh7.5 cells demonstrates a C-to-T substitution at nucleotide position 164 in the RIG-I ORF in Huh7.5 cells. This changes codon 55 from
threonine to isoleucine (T55I) as shown in the structural diagram. (D) In the left panel, Huh7 cells were cotransfected with IFN-�-luc expression
plasmid and 50 ng of vector only (vector) or IFN-�-luc expression plasmid with (from left to right) increasing amounts (25, 50, and 100 ng) of
expression vector encoding RIG-I, the full-length T55I mutant (T55I), N-RIG, N-RIG containing the T55I mutation (N-T55I), or full-length T55I
mutant with 50 ng of RIG-I expression vector (T55I � RIG-I). Cells were mock infected or infected with SenV for 20 h, harvested, and subjected
to luciferase assay. Bars show the average value � the SD of each relative luciferase activity. In the right panel, Huh7.5 cells were transfected with
vector control or plasmids encoding IRF3-5D (control), RIG-I, N-RIG, full-length T55I mutant (T55I), or N-T55I. After 24 h cells were mock
infected (
) or infected with SenV (�) for 20 h and then harvested, and extracts were subjected to immunoblot analysis for ISG56, SenV, RIG-I,
N-RIG, N-T55I, and �-actin. RIG-I proteins were detected with anti-FLAG antibody. (E) Huh7 cells were transfected with empty vector or vectors
encoding RIG-I, C-RIG, or the full-length T55I mutant (T55I). Cells were harvested at 24 h, and extracts were mixed with agarose beads coupled
to poly(C) or pIC. Proteins in the pull-down fraction (PD) and input were subjected to immunoblot analysis. RIG-I proteins were detected as in
panel B.
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sion after transfection of replicon RNA. RIG-I expression was
maintained in the transfected Huh7.5 cells throughout an ex-
tended 144-h time course (Fig. 5B, upper and lower panel sets,
respectively). To assess viral RNA replication in Huh7.5 cells
complemented with ectopic RIG-I, we compared the activity of
the luciferase protein encoded by replication-competent (HP)
versus replication-defective (�5B) replicon RNA in cells in
parallel as a direct marker of HCV RNA abundance. As shown
in Fig. 5C, the HP replicon levels remained low and did not
amplify beyond an approximately twofold increase in Huh7.5
cells expressing the functional RIG-I, whereas in those trans-
fected with the empty vector, the HP RNA-encoded luciferase
was continuously amplified over the same 120-h time course.

At the end of this period the HP replicon had amplified by
�13-fold over the level of the �5B replication-defective con-
trol RNA. Thus, RIG-I complementation of IRF3 signaling
and restoration of the host response in Huh7.5 cells results in
a phenotypic switch from hyperpermissiveness for HCV RNA
replication to a relatively nonpermissive phenotype character-
ized by recognition of HCV RNA and suppression of viral
RNA amplification.

DISCUSSION

RIG-I is a signal transducer and HCV RNA PAMP receptor.
Our results define the cellular RNA helicase, RIG-I, as a

FIG. 5. Effect of RIG-I on cellular permissiveness for HCV RNA replication. (A) Huh7 and Huh7.5 cells were mock transfected or transfected
with �5B or HP HCV replicon RNA. After 24 h, the cells were harvested and extracts were subjected to immunoblot for ISG56 and �-actin.
(B) Huh7.5 cells were transfected with vector alone or a vector encoding RIG-I. In the upper panel the cells were secondarily transfected, 24 h
later, with �5B or the HP replicon RNA. After 24 h, cells were harvested, and extracts were subjected to immunoblot analysis for �-actin, ISG56,
and the ectopically expressed RIG-I protein. The lower panel shows an immunoblot analysis of �-actin and ectopic RIG-I protein abundance over
a 144-h time course posttransfection. (C) Huh7.5 cells were transfected with empty vector (vector) or vector expressing RIG-I. At 24 h, parallel
cultures were secondarily transfected with �5B or HP HCV replicon RNA containing the firefly luciferase sequence in lieu of Neo, as described
in the legend for Fig. 1E. The level of HCV replicon-encoded luciferase activity was measured as a specific marker of HCV RNA abundance (28).
The bars show the average fold increase in luciferase expression � the SD compared to that expressed by the replication-defective �5B replicon
control. (D) Model of viral RNA binding and IRF3 signaling by RIG-I. Details are given in the text.
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transducer of signals that activate innate antiviral defenses
limiting HCV RNA replication. In cultured hepatocytes,
RIG-I plays an essential role as a TLR-independent PAMP
receptor that specifically binds dsRNA and structured regions
within the HCV genome to signal IRF3 activation, IFN pro-
duction, and ISG expression. This response is an important
component of the acute hepatic antiviral defenses that are
triggered in vivo within days of exposure to HCV (2) and is
therefore likely to contribute to the resolution of acute infec-
tion (26). Our data also demonstrate that RIG-I is essential for
triggering IRF3 activation in response to SenV or VSV infec-
tion in hepatocytes (Fig. 2B and 3E), a finding consistent with
its role as a viral PAMP receptor. We speculate that secondary
or tertiary RNA structures, often present in viral RNAs (24),
present a specific PAMP that is engaged by RIG-I. RIG-I
specifically bound the structured 5�NTR and 3�NTR segments
of the HCV genome but not the predicted nonstructured viral
RNAs (Fig. 4B and E). The RIG-I-based cellular response
exploits the need for HCV to conserve unique structured ter-
minal RNA segments that are essential to viral replication.
This interaction signals the induction of IRF3 responsive genes
and other ISGs, including ISG56, that have been shown to
suppress HCV RNA replication (7, 29). The binding of RIG-I
to viral RNA thus induces critical antiviral effectors impacting
cellular permissiveness for HCV through processes that limit
viral RNA replication.

CARD signaling activates downstream IRF3. CARD-con-
taining proteins mediate signaling events in response to a va-
riety of intracellular and extracellular pathogen-related stimuli
that direct NF-�B activation via TLR-independent mecha-
nisms (4). RIG-I and other CARD-containing DExD/H box
helicase proteins thus appear to represent a family of proteins
that activate a TLR3-independent response against a variety of
viral pathogens (32). The RIG-I CARD-homology domain is
capable of inducing IRF3 activation. Sequence differences,
which distinguish the RIG-I homolog from other CARD pro-
teins (4, 32), may provide for recruitment of unique signaling
components that activate IRF3 through processes that depart
from the canonical CARD-CARD homotypic interaction path-
ways. The kinase TBK1, which does not contain a CARD, is
essential for dsRNA or virus-induced IRF3 activation (17),
suggesting that it is required for RIG signaling to IRF3. TBK1
does not directly associate with RIG-I (E. Foy and M. Gale, Jr.,
unpublished observations). The most likely scenario for RIG-
I-mediated IRF3 activation involves interaction with down-
stream adaptor(s) or CARD-containing proteins that ulti-
mately results in TBK1/IRF3 activation. In this regard, the
location of the T55I mutation in the first CARD domain of the
Huh7.5 RIG-I mutant is of particular interest. It uncoupled
signal transduction from viral RNA binding. Huh7.5 cells are
derived from and are isogenic to Huh7 cells (3). Among other
potential lesions in antiviral processes within Huh7-derived
cells, the hyperpermissive phenotype of Huh7.5 cells can be
attributed to the RIG-I T55I mutation that abolishes PAMP
signaling to IRF3. The IRF3 response contributes to control of
HCV RNA replication (7). Thus, activation of IRF3 is a critical
determinant of cellular permissiveness for HCV RNA replica-
tion, although defects in other, RIG-I-independent innate an-
tiviral defense pathways could contribute to the overall level of
cellular permissiveness for HCV.

A new model for virus activation of IFN-�/� and ISGs. We
propose a model in which within the infected hepatocyte
RIG-I binding to the HCV RNA PAMP induces events that
are regulated by its helicase domain and alter its conformation
sufficiently to recruit or interact with signaling partners that
direct the downstream phosphorylation of IRF3 and expres-
sion of antiviral effector genes (Fig. 5D). This response is likely
to be triggered by the HCV RNA PAMP immediately upon
introduction of the viral genome into the host cell cytoplasm
(see Fig. 5A). Moreover, recently published observations dem-
onstrate that HCV RNA replication can trigger IRF3 activa-
tion (25), implying that RIG-I engages HCV during the pro-
cess of viral replication. Since RIG-I is strongly IFN inducible
(Fig. S3 in the supplemental material), one of the effects of
IFN therapy is an enhanced sensing of virus replication, which
initiates a cascade of antiviral events. The importance of the
RIG-I pathway for cellular permissiveness to viral replication
is underscored by the variety of ways that viruses antagonize
downstream IRF3 actions (12). Indeed, HCV has the potential
to block virus triggering of IRF3 phosphorylation through the
actions of its NS3/4A serine protease (7). The results from
recent work now indicate that this regulation is attributed to
blockade of RIG-I-dependent signaling imposed by the pro-
tease function of NS3/4A (7a), and it is likely that upon its
accumulation NS3/4A antagonizes RIG-I signaling in the in-
fected cell. Therapeutic approaches to control RIG-I and
NS3/4A function may provide novel strategies to limit HCV
infection by modulating cellular permissiveness for virus rep-
lication.
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